We report the results of an experimental investigation of the diffractive properties of a thick index grating embedded in a Fabry -Perot resonator, the so-called intracavity Bragg grating. We compare the performance of this device with that of a bare Bragg grating with same thickness and the same index modulation and establish the improvement in performance with the resonator. The experimental data also fit predictions calculated from a theoretical model.
Real-time holography is a fast and powerful tool for data processing. It requires high diffraction efficiencies, obtained with thick samples or materials with significant refractive-index modulation. In all cases, the diffraction performance of a given nonlinear medium can be enhanced by a resonator, which increases the optical path. Theoretical and experimental investigations have already proved the advantage of using a Fabry -Perot etalon with quantum wells 1, 2 or index gratings recorded in photorefractive bulk samples. 3, 4 Recent calculations have shown that the diffraction properties of transmission Bragg gratings are greatly improved when the indexmodulated medium is embedded in a Fabry -Perot resonator. 5 Specifically, intracavity Bragg gratings can give very high diffraction eff iciencies and angular selectivities, even in the case of thin materials or low index-modulation amplitude, which is crucial in optical signal processing. When the Bragg condition and Fabry -Perot resonance are simultaneously fulf illed, the performance of the intracavity device is greatly enhanced, in comparison with that of a bare sample.
In this Letter we present an experimental investigation of intracavity Bragg diffraction in the case of an asymmetrical cavity operated in ref lection. This configuration was predicted to give the best results 5 with respect to the discussion presented above.
The experimental setup is shown in Fig. 1 . The intracavity holographic device was composed of an organic dye, MOED, 6,7 dissolved in ethanol ͑n 1.3611͒ and enclosed between two dielectric mirrors. This dye was strongly absorbent at short wavelengths (below 600 nm) and almost totally transparent at longer wavelengths (650-850 nm). Two coherent beams of equal intensity, emitted by a frequencydoubled Q-switched Nd:YAG laser ͑l W 532 nm͒, wrote a thermal-index modulation in the intracavity medium through the absorption of their interference pattern. In this way, the liquid temperature was spatially modulated, inducing a periodic change in the refractive index (dn͞dT 23. 6 3 10 24 K 21 in ethanol). The period L of the grating was determined by the refraction angle u W of the write beams ͓L l W ͞2n sin͑u W ͒ ഠ 4.7 mm͔. The fringes, which filled the whole volume of the Fabry -Perot cavity, were oriented perpendicularly to the resonator mirrors, since the two write beams were symmetrical with respect to the cavity axis (Fig. 1 ). The Nd:YAG laser was externally triggered by a pulse generator so that one pulse was emitted every 4 s. This very low rate was necessary to ensure the total dissipation To optimize the eff iciency of the intracavity device, we first looked for the value of refraction angle of the read beam, u R , that fulfilled the Bragg condition: For each u R , we optimized the diffraction eff iciency ͑r DR ͒ by tuning the thickness of the Fabry-Perot cavity. The optimal diffraction eff iciency ͑r DRopt ͒ was obtained for u R u Bragg asin͑l R ͞2nL͒. Then we investigated the inf luence of detuning from either the Fabry -Perot resonance or the Bragg condition. For u R u Bragg , with a length change Dl from Fabry -Perot resonance ͓2nl cos͑u Bragg ͒ ml R ͔, we measured the variations of r DR with the phase shift, F FP 4pnDl cos͑u R ͒͞l R . To quantify F FP , we used the measurement of the intensity transmitted by the cavity with the written beams turned off, when a 50-Hz sinusoidal high voltage was applied to the piezoelectric element. Through the observation of two consecutive resonance peaks of the Fabry -Perot cavity we could establish a calibration of the phase mismatch, F FP , as a function of the measured transmitted intensity, assuming that the piezoelectric element was operated in a linear regime.
When the write Nd:YAG laser was turned on, the phase mismatch was tuned by application of a cw high voltage to the piezoelectric element. For each pulse, the references of the incident write and read beams and those of the read transmitted and ref lected diffracted beams were measured with photodiodes and avalanche detectors. Figure 2 shows the experimental ref lection diffraction efficiency ͑r DR exp͒ and its calculated value ͑r DR calc͒ versus the Fabry -Perot phase mismatch, F FP , measured at u R u Bragg . The shape of the ref lection diffraction peak was described mainly by the Fabry -Perot transmission, since only light coupled to the cavity could be diffracted by the Bragg grating. As expected from plane-wave calculations, 5 the angular width of r DR was strongly reduced (by roughly a factor of 7) compared with the corresponding theoretical results for the bare sample. Moreover, the absolute maximum diffraction efficiency was ϳ4 3 10 22 , i.e., 220 times higher than that of the bare Bragg sample with the same thickness and index modulation. We obtained the fit shown in Fig. 2 (solid curve) by taking the Gaussian shape of the read beam and the small absorption of the intracavity medium into account. Indeed, because of the limited width (beam radius, 0.3 mm) of the oblique read beam, the observed f inesse ͑F obs 9͒ of the Fabry-Perot cavity was much smaller than the theoretical value ͑F th 25͒. The curve shown in Fig. 2 was obtained for 1.4% intracavity losses and with refractive-index modulation Dn 4.7 3 10 26 , in close agreement with the value Dn 4.6 3 10 26 calculated from the absorbed energy of the write beams by use of the thermal properties of ethanol.
We also studied the variations of the diffraction efficiency of a resonant cavity with detuning from Bragg condition by tuning the incidence angle u R of the read beam. Because the calculated FWHM of the intracavity angular resonant peak was ϳ0.4 mrad, the maximum ref lection diffraction efficiency was measured for incidence angles regularly spaced between u Bragg 2 du and u Bragg 1 du, with du 1.25 mrad. For each u R , we tuned F FP and looked for the maximum value of the Fabry -Perot transmission. In Fig. 3 we present the normalized results and the intracavity r DR calculated for a resonant Fabry -Perot cavity with the same values for the parameters as in the case of Fig. 2 . These two quantities are plotted versus the angle variation, Du u R 2 u Bragg . These two plots are in good agreement and exhibit a FWHM of 0.6 mrad, which is roughly seven times smaller than the value calculated for the bare sample ͑FWHM bare ഠ 4.3 mrad͒. This result confirms the improvement obtained with Fig. 2 . Experimental data and numerical calculations of the diffraction efficiency, r DR , versus the Fabry -Perot phase mismatch. The cavity length is l 730 mm, the grating period is L ഠ 4.7 mm, and the read wavelength is l R 780 nm. the resonator. In addition, for small values of Du we could measure higher diffraction efficiencies with a slightly detuned cavity: The Fabry -Perot and the Bragg mismatches partly compensate for each other in this case.
We also investigated the diffraction efficiency with incidence angles much different from u Bragg , particularly around the supposed side resonances of the bare Bragg grating. We could not measure any significant diffraction eff iciency for those incidence angles: The detected signal could not be extracted from the surrounding noise. Nevertheless, an overestimation of the relative intensity of those side resonances was 1% of the maximum diffracted intensity. The signalto-noise ratio is then more than f ive times larger than that of the bare sample.
The Bragg resonance was also investigated by tuning of the wavelength of the Ti : sapphire read beam ͑l R ͒. For each l R , we measured the r DR at Fabry -Perot resonance and explored the [775 nm; 810 nm] bandwidth. The experimental and the calculated spectral variations of normalized r DR for a resonant cavity are plotted in Fig. 4 . The theoretical predictions matched the measurements for the same values of the parameters as in the previous experiments. The intracavity device exhibits a spectral width at half-maximum of Dl ഠ 10 nm, whereas the calculated value for the equivalent bare transmission Bragg grating is Dl ഠ 40 nm. The spectral selectivity of the Bragg grating is enhanced by the resonator but remains much lower than that obtained with ref lection Bragg gratings.
In conclusion, significant improvements in maximum diffraction eff iciency (2 orders of magnitude) and angular selectivity (7 times greater) have been experimentally demonstrated when Bragg gratings were placed inside a Gires-Tournois interferometer. The spectral selectivity and the signal-to-noise ratio were also enhanced, in a perhaps less spectacular but nonnegligible way. With an optimized device, such an intracavity Bragg grating could be used for applications requiring high selectivity and a high signal-to-noise ratio, such as multiplexers or filters, especially if low-thickness samples must be used.
